ward it reinflates automatically. In contrast to other reservoirs, the new device is characterized by the following unique features: • In the proximal reservoir inlet, a loose sapphire ball is integrated, which acts like a nonresistance valve. In case of fast dome compression, this ball closes the device proximally. This mechanism ensures that the CSF moves only in the distal direction toward the shunt valve and the peritoneum. In this way, distal occlusions can also be detected. • The dome is safely sealed by impressing a silicone disc into a groove. The titanium bottom cannot be destroyed by puncturing. Thus, there is also no leakage subsequent to multiple punctures. • The transparency of the dome allows control of CSF flow through the reservoir during implantation. Any debris, blood clots, and obstructing air bubbles can be seen and removed intraoperatively by pumping. With a final flushing directly before inserting the tip of the peritoneal catheter into the abdominal cavity, any insufficiency in the entire system by kinking or clotting can be ruled out.
• The reservoir location is intentionally chosen distant from the valve to allow easier localization and to avoid the danger of damage to the valve mechanism by puncturing or pumping. We propose that the technical performance of any reservoir may be characterized by 4 parameters: a) number of strokes per milliliter; b) force required to compress the (empty) dome; c) emerging proximal suction (i.e., negative pressure) during automatic dome reinflation; and d) overall flow resistance. The maximal pressure producible depends on the compression force applied. In contrast, the proximal suction (c, just mentioned) is a fixed technical parameter exclusively dependent on the silicone dome's properties. Other technical aspects for characterization are outer form and long-term behavior. The 4 parameters (a-d) will be discussed because they are the most important ones.
For further pumping test optimization, the number of strokes per milliliter, the dome compression force, and the extra flow resistance must be minimized. Also the suction created must not be too high, to avoid the danger of sucking brain parenchyma, choroid plexus, or any other tissue into the ventricular catheter. Table 1 provides an overview of parameters a-c discussed above for some reservoirs and valves on the market, adopted from the work of Aschoff.
1 One should be aware that, in contrast to the valves, all the conventional reservoirs and prechambers measured here are not specifically constructed for flushing, and can only be used for the diagnosis of occlusion of the proximal ventricular catheter in combination with unidirectional valves. The standard deviations of the average values are extremely high. The comparison of these average values with those for the reservoir presented here (last row in Table 1 ) shows the desired improvement for the categories "strokes/ml" and "dome compression force." The suction created during reinflation of the modified reservoir remains in the middle range.
The small additional opening pressure for the new reservoir measured in vitro turned out to be slightly dependent on its orientation in space, because of the low weight of the sapphire ball. Also, with the device in the upright position, when the sapphire ball in the cage is pulled down to the valve seat, the additional opening pressure does not exceed 1 cm H 2 O and is therefore negligible.
Flushing test operational sequence
Although it may be trivial for any experienced neurosurgeon, to avoid any confusion in Fig. 2 the various parts of a ventriculoperitoneal (VP) shunt are defined once In the titanium housing (1), a disc of silicone is pressed into a groove (2), forming a clear transparent dome (3). In the proximal inlet of this reservoir, a loose sapphire ball is trapped in a cage (4). Ø = diameter. again: the terms "ventricular" and "peritoneal" refer to the catheter position always relative to the valve, but "proximal" and "distal" refer to the distance from the ventricle relative to the valve or the reservoir, respectively. The 3 results of the pumping test illustrated above are differentiated and interpreted as follows: 1. Negative ("normal"): dome is easy to compress with moderate force and it subsequently reinflates quickly (≤ 1 second); this means that the shunt is working properly, no occlusion. 2. Positive ("not-normal"): dome is easy to compress with moderate force, but afterward it reinflates either a) not at all or b) only slowly (> 1 second); this is a sign for suspicion of either a) a full or b) a partial obstruction of the proximal ventricular catheter (pVC). 3. Positive ("not-normal"): dome is either a) not compressible or b) it is only hard to compress; this is a sign for or suspicion of either a) a total or b) a partial obstruction of the distal ventricular catheter (dVC), proximal peritoneal catheter (pPC), or distal peritoneal catheter (dPC). Figure 3 illustrates the flushing test procedure in accordance with the 3 different possible test results explained above or the 3 different states of the shunt, respectively: 1) shunt unoccluded; 2) proximally occluded; or 3) distally (partially or fully) occluded.
patients and Clinical data
Between 2004 and 2009 we implanted 353 VP shunts with the frontal bore-hole reservoir in combination with a Miethke proGAV as a consecutive series, and 7 inline reservoirs were inserted as a prechamber. Thus, a total of 360 patients were examined in this study, with a follow-up duration of at least 5 years. All patients were adolescents or adults suffering from hydrocephalus.
In all cases radiographs and a CT scan were performed and the function of the shunt was ensured by a negative result on the pumping test before patient discharge. Afterward every patient was reevaluated routinely every year in the outpatient department. In cases of clinical deterioration and suspected dysfunction, we repeated the pumping test and the radiological examinations (radiography, CT, or MRI).
Results in vitro Results
The most important results of our own in vitro experiments are displayed in Fig. 4 . The graph on the left-hand side ( Fig. 4A ) is related to Test Case 2 (see also Fig. 3 , Test Case 2): it shows the dome reinflation time depending on the grade of the partial obstruction of the pVC. It is directly derived from Hagen-Poiseuille's law, with the simplified assumption of a constant suction of -88 mm Hg created by the dome reinflation and an accompanying constant volume flow of 0.28 ml/reinflation time ( Table 1 ). The graph was experimentally calibrated by measuring the reservoir reinflation time (see the single calibration point, marked with the blue arrow) with a calibration tube of known length and flow diameter, which was a standard syringe needle of 2.5-cm length and 0.275-mm inner diameter. According to Hagen-Poiseuille's law, the dome reinflation time depends heavily on the grade of the occlusion; i.e., mainly on the remaining free flow diameter but also on the occlusion length. An open proximal standard catheter with a normal inner diameter of 1.2 mm does not cause any noticeable increase of the reservoir reinflation time up to 8 m in length (see Fig. 4A, red line) ; a conventional ventricular catheter with only 1 hole open (0.5 mm) would need an obstruction length of more than 6 cm to increase the reinflation time above 1 second (see Fig. 4A , green line). However, in summary, any reservoir reinflation time up to several minutes could be provoked with this experimental setting if the free flow diameter of the simulated partially obstructed (i.e., narrowed) pathway is small enough, or the obstruction length is long enough, respectively. Figure 4 shows the experimental setting (panel B) and the results (panel C) for the simulation of a full distal obstruction depending on the distance between the reservoir and the obstruction. This in vitro experiment is related to Test Case 3 (see also Fig. 3 , Test Case 3): if the dVC directly behind the reservoir is fully obstructed it would not be possible to pump or to compress the dome at all, and the resulting diagnosis is unequivocal. On the other hand, if the catheter is open the dome is easily compressedapproximately 5 mm-down to the bottom (see Fig. 4C , green and purple lines). If the obstruction is more distant to the reservoir, a slight impression with a certain impression depth is possible due to the elasticity of the remaining free silicone tube. The catheter behaves like a balloon that can be partly inflated. As can be seen in Fig. 4C (red  and blue lines) , in the worst case scenario that the occlusion is located 1 m from the reservoir (i.e., at the end of the peritoneal catheter in the peritoneum), the remaining impression depth is still approximately 50% of that in the case of an open catheter.
Clinical Results
Already in 1996 Drake pointed out that for all diagnostic shunt function tests, a practicable noninvasive gold-standard method was lacking. 10 This is the common problem for everybody working in the field of hydrocephalus shunts. Therefore, here we describe how to determine the shunt function with increasing reliability. In general this weakness is circumvented by the pragmatic and plausible assumption that the shunt is functioning well when the ventricular size is normal or unchanged and the clinical status of the patient is good at the time point of the pumping test and 6 months thereafter, so that no revision is required. The same applies when symptoms of under drainage or overdrainage could be relieved simply by valve adjustments. 34 Of course this pragmatic approach might lead to one overlooking some false-negative test results; i.e., cases in which the patient is well although the shunt is working insufficiently. Also, as stated by other authors, 30 we cannot rule out any cases of so-called arrested hydrocephalus with the combination of dilated ventricles and good clinical status in spite of an occluded shunt. However, it is likely that these numbers are very small. The clinical courses of the individual cases will have to be discussed elsewhere. The results of our clinical flushing tests are presented in Table 2 . In all the cases presented here we experienced only 3 surgical/mechanical complications due to the reservoir: 2 cases of superficial wound healing problems and 1 occlusion of the device itself.
discussion
Various invasive diagnostic test procedures for the verification of shunt function have been described: invasive CSF pressure 15 The results published in the quoted literature (Table 3 ) are in clear contradiction to our own findings, based on pumping tests performed with the Sprung/control reservoir discussed here. In contrast to our data, all formerly published results are values derived from tests with a variety of reservoirs and valves (at least 2 types). In a few reports, the shunt/reservoir type used is not even specified, although the technical parameters of such reservoirs and valves are obviously essential. 11 To judge occlusions distally from the reservoir (i.e., dVC, pPC, and dPC), other authors have had to close the pVC transcutaneously by manual compression. 22, 25, 26 In our opinion this is never possible with a sufficient certainty and, if ever undertaken, it usually does provide a source of error. In contrast, with the reservoir discussed here the proximal closure is always safely and automatically performed with the additional ball-in-cage mechanism. Furthermore, the earlier studies deal with smaller case numbers in comparison with our series of 360 patients.
The evaluated historical patient groups consisted mostly of children or infants, whereas our own data are based on adults older than 18 years. Compared with other authors 16, 19 we had fewer mechanical complications, and notably no migrations or disconnections. Our series did not comprise pediatric patients with hydrocephalus, who * The terms seen here follow the definitions given in Fig. 2 . † As proven in all 14 cases by revision. ‡ As proven in 18 cases by revision due to infection, and as assumed in 328 cases, because clinical status was good. have a higher susceptibility for these complications due to growth and more delicate skin. It is well known that children have a higher complication rate than adults, and are less compliant to the pumping maneuver. 26 Therefore a comparison of our series with groups of children and adolescents must be done cautiously, and this is only possible with limitations.
Aschoff confirmed that the pumping test is able to diagnose total proximal occlusions and also, in 40% of the devices, total distal occlusions. But he doubted the possibility of diagnosing partial obstructions, because he assumed that this has no visible/palpable influence on the reaction of the silicone dome. [1] [2] [3] He derived this conclusion from in vitro experiments where the partial obstruction of the pVC was simulated by a series of differential pressure valves. However, his experimental setting was inadequate, because binary (on-off) differential pressure valves are not suited to simulate an increase of flow resistance. We demonstrated in our own in vitro experiments as presented in Fig. 4A that any prolonged reinflation time up to several minutes can be achieved if the partial proximal occlusion is sufficient (i.e., if the remaining flow diameter is small and the occlusion length is long enough). In fact, also in the clinical series presented here, this characteristic behavior of the reservoir dome was sometimes visible or palpable, although the effect was attenuated by the skin covering the dome. According to our experience, for such a diagnosis a prolonged reinflation time of at least 1 second (see Fig. 4A , yellow horizontal line) is needed to distinguish a partial obstruction from the normal status.
Clinically, the smaller the remaining open diameter of the pVC, the longer an existing elevated intraventricular pressure needs to be relieved by CSF flow through the obstructed catheter. We believe that each patient reacts differently in this characteristically prolonged so-called overpressure relief time. Thus, unfortunately, the very important clinical question: "Which degree of partial pVC obstruction finally requires a shunt revision?" cannot be answered definitely.
With the reservoir described here, an occlusion of the dVC or the valve is easy to diagnose in case the compression resistance is very high (see Fig. 3 , Test Case 3). Our own in vitro experiments as presented in Fig. 4B and C demonstrated that due to the elasticity of the silicone catheter, even in the case of full distal obstruction of the peritoneal catheter, some considerable impression of the dome is possible: for the maximal distance of 1 m between reservoir and occlusion, the impression depth is approximately 50% of that in the case of an open catheter. In our in vitro experiments, a 50% impression depth can easily be distinguished from the full impression down to the bottom of the reservoir. Therefore, such a clear difference in vitro should be palpable also in vivo. However, even when simulating the in vivo conditions by overlaying the reservoir with a skin-like cover, it ended up being difficult to always arrive at a significant conclusion. In summary, the possibility of detecting any partial occlusion by pumping is greater, the higher the grade of obstruction, the shorter the distance between reservoir and obstruction, and the more experienced the examiner is in comparing the test results.
The danger of sucking brain parenchyma or any other tissue into the pVC has often been emphasized. [1] [2] [3] We never saw any clinical symptoms of relevant hypotension following pumping, 1, 6, 7, 11 or radiological signs of overdrainage or hemorrhage. 12 We still cannot fully exclude such a danger, especially in cases involving very narrow ventricles. Thus we also recommend that the practitioner avoid unnecessary flushing, or at least confine it to a minimum number of strokes. 6 Furthermore, in contrast to the findings of Piatt, 26 it turned out to be important not to judge only a single pumping test result, but also to assess any changes during the follow-up.
Conclusions
To our knowledge, this is the first systematic in vitro and in vivo study of a flushing device. Several parameters of the device, such as high stroke volume, ease of dome compression, moderate suction pressure, simplicity of localization for puncturing, and transparency of the dome, are obvious advantages when compared with other reservoirs. In a clinical series of 360 adult patients with hydrocephalus, it is demonstrated here that pumping with this reservoir is a valid diagnostic test to assess shunt insufficiency. Total occlusion of the ventricular catheter can be diagnosed reliably. Also, the detection of total occlusions of the peritoneal catheter is made possible by the construction principle, including a significantly higher stroke volume and impression depth of the reservoir.
We have pointed out that this remarkable improvement in pumping test quality is a result of the modified reservoir design together with the strict study design (i.e., usage of a clearly characterized reservoir with only 1 valve, and unequivocal definitions of positive/negative test results). Nevertheless, any pumping test must always be one criterion among others on which a decision for a shunt revision will be based; it must always be set in relation to clinical status and radiological findings. On the basis of our results with the described improved reservoir, we believe in a reappraisal of the pumping function.
